Abstract-Mesenchymal stem/stromal cells (MSCs) are under examination for use in cell therapies to repair bone defects resulting from trauma or disease. MSCs secrete proangiogenic cues and can be induced to differentiate into bone-forming osteoblasts, yet there is limited evidence that these events can be achieved in parallel. Manipulation of the cell delivery vehicle properties represents a candidate approach for directing MSC function in bone healing. We hypothesized that the biophysical properties of a fibrin gel could simultaneously regulate the proangiogenic and osteogenic potential of entrapped MSCs. Fibrin gels were formed by supplementation with NaCl (1.2, 2.3, and 3.9% w/v) to modulate gel biophysical properties without altering protein concentrations. MSCs entrapped in 1.2% w/v NaCl gels were the most proangiogenic in vitro, yet cells in 3.9% w/v gels exhibited the greatest osteogenic response. Compared to the other groups, MSCs entrapped in 2.3% w/v gels provided the best balance between proangiogenic potential, osteogenic potential, and gel contractility. The contribution of MSCs to bone repair was then examined when deployed in 2.3% w/v NaCl gels and implanted into an irradiated orthotopic bone defect. Compared to acellular gels after 3 weeks of implantation, defects treated with MSC-loaded fibrin gels exhibited significant increases in vessel density, early osteogenesis, superior morphology, and increased cellularity of repair tissue. Defects treated with MSC-loaded gels exhibited increased bone formation after 12 weeks compared to blank gels. These results confirm that fibrin gel properties can be modulated to simultaneously promote both the proangiogenic and osteogenic potential of MSCs, and fibrin gels modified by supplementation with NaCl are promising carriers for MSCs to stimulate bone repair in vivo.
INTRODUCTION
Autologous bone grafting, commonly from the iliac crest, represents the current ''gold standard'' for bone replacement. 33 However, with most large defects, the supply of autogenous graft is frequently insufficient. Additionally, significant morbidity has been reported with aggressive harvests of autogenous bone, and several studies report frequent complications from iliac crest harvest including donor site pain and injury to cutaneous nerves resulting in painful neuromas. 4, 44, 46 Bioengineering approaches to overcome these problems include the development and application of novel biomaterials, gene therapy, protein delivery, and cell therapies. 47 Among cells with therapeutic potential, mesenchymal stem/stromal cells (MSCs) are under widespread investigation due to their proangiogenic and osteogenic potential, which allows them to indirectly contribute to bone repair through the secretion of paracrine-acting endogenous growth factors that mediate vessel formation, as well as directly through mineral deposition. 6, 9, 31 We previously demonstrated that MSC induction toward the osteoblastic lineage impairs their proangiogenic potential in vitro, as observed by decreased secretion of growth factors such as vascular endothelial growth factor (VEGF) and others. 7, 24 Therefore, new approaches are necessary to leverage the dual potential of MSCs to contribute to bone repair.
MSCs are commonly osteoinduced by exposure to soluble cues, whether in vitro or in vivo, 19, 24 but other factors including the biophysical properties of the surrounding matrix have a profound effect on cell phenotype. Beyond composition of the matrix, substrate stiffness can direct MSC lineage specification. 20 MSCs grown in softer hydrogels (4 kPa) facilitate paracrine factor production necessary for endothelial cell ingrowth and capillary invasion, 21 while MSCs grown in stiffer substrates (40 kPa) tend toward osteoblastic differentiation. 49 Thus, the optimal conditions for stimulating neovascularization do not necessarily represent the optimal conditions for osteogenic differentiation of MSCs, motivating the need for careful selection of material properties of the chosen delivery vehicle to ensure success of the implanted MSCs.
Hydrogels derived from natural polymers such as alginate and collagen have been widely investigated for bone healing. 3, 35, 42 Fibrin is a naturally occurring biomaterial that acts as a scaffold for leukocytes and endothelial cells while tissue formation or regeneration is occurring in the body. Fibrin substrates provide endogenous physical and soluble cues to initiate tissue repair when cells encounter this provisional matrix. 1 Furthermore, biodegradable hydrogels of fibrin can be fabricated into implantable or injectable cell carriers and may be tuned to different compliances. 1 While a variety of methods exist to manipulate the physical properties of fibrin gels, we demonstrated that supplementing the pre-gel solution with varied concentrations of sodium chloride (NaCl) alters a wide array of material properties including gel stiffness, pore size, and fiber diameter. 13 We observed greater compressive moduli, together with decreasing pore size and fiber diameter, as we increased NaCl content up to 3.5% w/v, above which the biophysical properties began to revert. Our previous studies demonstrated that (1) all salt was eluted from the gel in less than 24 h; (2) the salt concentrations are not harmful to entrapped cells, and (3) the finalized gel architecture and not magnitude of NaCl concentration was the primary contributor to cell response. While the role of individual ions on fibrin clot physiology is complex and not entirely understood, these changes were sufficient to modulate the osteogenic response of entrapped MSCs. As MSCs possess dual potential to contribute to bone formation, 6 ,9,31 our goal was to use fibrin gels as the stimulus to direct this dual potential.
We hypothesized that the proangiogenic and osteogenic potential of entrapped MSCs could be simultaneously enhanced by tuning the biophysical properties of fibrin gels through supplementation with NaCl, thus enhancing their indirect and direct contributions toward bone healing in parallel. To explore this hypothesis, we entrapped human MSCs within fibrin gels formed with 1.2-3.9% w/v NaCl, formulations previously exhibiting changes in biophysical properties and the capacity to promote osteogenesis in vitro. 13 We assessed compressive stiffness, contractility, and endogenous proangiogenic growth factor secretion and early and late markers of bone formation in vitro in the absence of inductive cues in culture. From these experiments, a single fibrin gel formulation was examined as a carrier vehicle for human MSCs when used to promote bone healing of irradiated calvarial bone defects in vivo.
MATERIALS AND METHODS

Cell Culture
Human bone marrow-derived MSCs (Lonza, Walkersville, MD) were used without additional characterization. MSCs were expanded in standard culture conditions (37°C, 21% O 2 , 5% CO 2 ) in a-MEM supplemented with 10% fetal bovine serum (FBS, JR Scientific, Woodland, CA) and 1% penicillin/streptomycin (P/S, Mediatech, Herndon, VA) until use at passage 4-5. When entrapped in fibrin gels, MSCs were cultured in media containing 50% a-MEM and 50% growth factor-deficient EGM-2 (EBM-2, Lonza; 10% FBS, 1% P/S, hydrocortisone, gentamycin-1000, EGF, and heparin) as previously reported 32 to compare to future co-culture studies with endothelial cells.
Human umbilical cord blood endothelial colony forming cells (ECFCs) were isolated using a protocol approved by the Institutional Review Board of the Indiana University School of Medicine as previously described. 50 Adherent ECFCs were cultured under standard conditions in T-75 culture flasks coated with 5 lg/cm 2 rat tail collagen I (BD Biosciences, San Jose, CA) in complete EGM-2 (10% FBS, 1% P/S, hydrocortisone, gentamycin-1000, EGF, VEGF, FGF, IGF, and heparin).
Fibrin Gel Preparation
Fibrin gels were formed as we previously described. 13, 39 This fabrication process resulted in fibrin gels with a final fibrinogen concentration of 20 mg/mL (Calbiochem, Gibbstown, NJ), 1.2-3.9% w/v NaCl (Sigma Aldrich, St. Louis, MO), 2.5 U/mL thrombin (Calbiochem), 20 mM CaCl 2 (Sigma Aldrich), and 250 KIU/mL aprotinin (Santa Cruz Biotechnology, Santa Cruz, CA), all in PBS. MSCs were added to the fibrinogen pre-gel solution (prior to mixing with thrombin and CaCl 2 ) to achieve a final concentration of 5 9 10 6 cells/mL in each gel. A total volume of 80 lL was added to each cylindrical PDMS mold (5 mm in diameter), and the contents were allowed to gel for 1 h in standard culture conditions. The PDMS sheet was then carefully lifted from the culture dish, leaving behind the undisturbed fibrin gels, and the gels were transferred to 12-well tissue culture plates containing media. All gels were cultured in a 1:1 mixture of a-MEM and EBM-2 without osteogenic supplements or growth factors. The day of gel fabrication was denoted as ''Day-1.'' Gels were maintained in standard cell culture conditions with media changes every 3 days.
Assessment of Mechanical and Morphologic Properties
The compressive moduli of MSC-containing fibrin gels were measured using an Instron 3345 Compressive Testing System (Norwood, MA, USA). Gels were allowed to swell for 1 h in PBS, blotted, and then loaded between two flat platens and compressed at 1 mm/min. Compressive moduli were calculated from the linear portions of the force-displacement graph for strain ranging from 0 to 5%. 13 The contraction of fibrin gels due to activity of entrapped MSCs was measured by visually following morphologic changes in gel volume. MSC-containing gels were imaged over 14 days in culture using a Nikon Eclipse TE2000U microscope (Melville, NY) and SpotRT digital camera (Diagnostic Instruments, Sterling Heights, MI). The major and minor axes of each construct were measured using ImageJ, and the overall area was calculated.
MSC Response to Engineered Fibrin Gels In Vitro:
Proangiogenic Potential and Osteogenic Differentiation MSC secretion of VEGF was quantitatively determined from the conditioned media of MSC-containing fibrin gels at designated time points. Media were refreshed 24 h before collection, and the concentration of VEGF was determined using a human-specific VEGF ELISA kit (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions.
To test the bioactivity of MSC-conditioned media, the mitogenic response of ECFCs to proangiogenic stimuli was determined as previously described. 24 Briefly, ECFCs were seeded at 7500 cells/cm 2 in EGM-2 in 12-well collagen-coated culture plates and allowed to attach overnight. The next day, culture media was refreshed with a 1:4 volume ratio of MSC-conditioned media (collected at 7 days of culture in fibrin gels) to growth factor-deficient EGM-2 and cultured for 72 h. Each well was then rinsed with PBS to remove nonadherent cells and debris. Proliferation was analyzed using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA). Cells cultured in complete EGM-2 served as the positive control, while cells cultured in EBM-2 served as the negative control.
We measured the chemotactic response of ECFCs using 24-well FluoroBlok TM inserts (3 lm pore size, BD Bioscience) coated with a thin layer of gelatin solution (0.1% fish oil gelatin, Sigma Aldrich). 16, 28 ECFCs (300,000 cells/well) were seeded on the top of the transwell inserts in 300 lL 1:4 unconditioned a-MEM to growth factor-deficient EGM-2. Transwell inserts were then placed over 1 mL 1:4 conditioned a-MEM (collected at 7 days of culture in fibrin gels) to growth factor-deficient EGM-2 to create a positive chemotactic gradient. The no-gradient control consisted of 1 mL growth factor-deficient EGM-2. Plates were then incubated for 24 h. Cells that migrated through the transwell insert were stained via calcein AM (3 mg/mL in PBS) for 30 min, and fluorescence was quantitated using a microplate reader (Synergy HTTR) at 485/530 nm. The osteogenic response of MSCs entrapped within engineered fibrin gels was assessed from gels collected at 0, 7, and 14 days. Gels were rinsed in PBS and sonicated in 400-lL passive lysis buffer (Promega, Madison, WI). Samples were centrifuged at 5000 rpm for 10 min to pellet the cell debris, and the supernatant was collected. The supernatant was analyzed for intracellular alkaline phosphatase (ALP) activity using a p-nitrophenyl phosphate (PNPP) colorimetric assay, and cell-secreted mineral within fibrin hydrogels was measured using o-cresolphthalein complexone as previously described. 13, 15 DNA content was assayed from the supernatant using the Quant-iT PicoGreen dsDNA Assay Kit.
Calvarial Defect Model
We tested the capacity of MSC-entrapped engineered fibrin gels to stimulate vascularization and bone repair in a bilateral irradiated calvarial bone defect. 30, 36, 41 This model was selected due to the impaired bone healing response and potential to have an internal acellular fibrin gel control for each animal. Treatment of all experimental animals was in accordance with UC Davis animal care guidelines and all National Institutes of Health animal handling protocols. Two weeks prior to the surgical procedure, radiation was delivered to the future surgical site of 11-week-old male nude rats. 30, 36, 41 During the radiation treatment, rats were anesthetized (4%) and maintained (2-3%) by aerosolized isoflurane. A single 12-Gy dose from a Varian 2100C linear accelerator was delivered to D max at a source-to-skin distance of 80 cm in the Center for Companion Animal Health at the UC Davis School of Veterinary Medicine. The pharynx and the rest of the body were shielded by a combination of beam collimation and a multileaf collimator. Animals were monitored closely for side effects, of which none were apparent.
Fibrin gels containing 2.3% NaCl (w/v) were prepared 1 day prior to surgery and maintained in media overnight. For surgery, animals were anesthetized (4%) and maintained (2-3%) by aerosolized isoflurane. A mid-longitudinal, 15 mm skin incision was made on the dorsal surface of the cranium, and care was taken to ensure that the periosteum was completely cleared from the surface of the cranial bone by scraping. A trephine bur was used to create one circular 3.5 mm diameter defect in the rat cranium on both sides of the sagittal suture. The full thickness (~1-1.5 mm) of the cranial bone was removed and replaced immediately with a fibrin gel. Every animal received an acellular fibrin gel as a control.
Noninvasive Analysis of Tissue Neovascularization
Blood flow was measured on anesthetized animals immediately post-operatively and 5, 14, and 21 days after surgery using a Periscan PIM 3 laser Doppler blood perfusion imager (Perimed, Stockholm, Sweden). 30 To ensure accurate measurements, the hair covering the surgical site was removed the day before scanning with a depilatory, after which all traces of the depilatory were removed with alcohol wipes. Perfusion measurements were obtained from a 7.5 9 13 mm rectangle superimposed over the defect and surrounding half of the cranium. To minimize variability, perfusion index was normalized to the post-operative values for each animal.
Histological Staining and Analysis of Neovascularization
Animals were euthanized after 3 weeks by CO 2 inhalation and their calvariae removed (n = 6 per group). Recovered bone tissues were fixed in phosphate-buffered formalin for 48 h, after which they were demineralized in Calci-Clear (National Diagnostics, Atlanta, GA) for 48 h and then moved to 70% ethanol for storage before processing and analysis. The calvariae were histologically processed, paraffin embedded, and sectioned at 5 lm thickness.
Sections were stained with hematoxylin and eosin (H&E) and imaged using a Nikon Eclipse TE2000U microscope and SpotRT digital camera. Blood vessels in the entire defect, approximately 20 high-power fields, were counted manually at 1009 magnification and normalized to tissue area. Blood vessels were identified as circular structures and well-defined long tubule structures, containing red blood cells, and the number of vessels was normalized to tissue area to determine vascular density. The presence of blood vessels was confirmed by immunohistochemistry (IHC) for rat CD31 (1:100, JC/70A, Pierce Antibody Products, Waltham, MA). The investigator was blinded to the implant type while counting blood vessels. Masson's trichrome stain was performed as previously described to identify collagen within the defect. 6 In order to visualize cells undergoing osteogenic differentiation, IHC was performed on sections using a primary antibody against osteocalcin (1:200, ab13420, Abcam, Cambridge, MA) 45 and a mouse specific HRP/ DAB detection kit (ab64259, Abcam).
Analysis of In Vivo Bone Formation
Bone formation was quantified from animals euthanized after 12 weeks (n = 6 per group). Calvariae were removed, fixed in phosphate-buffered formalin, and moved to 70% ethanol. Calvarial explants were scanned using a lCT 35 MicroCT scanner (Scanco Medical AG, Bruttisellen, Switzerland) at an energy level of 70 keV, an intensity of 114 lA, 300 ms integration time, three averages, with a 0.5 mm aluminum filter and an isotropic resolution of 15 mm in all three spatial dimensions. Scanning for the calvarium was initiated proximately 1 mm rostral to the defects and extended 1 mm beyond the defect caudally. The right and left defects were evaluated separately. The grayscale images were segmented using a constrained threedimensional Gaussian filter (r = 0.8, support = 1.0) and fixed threshold of 191 mg HA/cc to separate mineralized tissue from un-mineralized tissue. Gray scale (X-ray attenuation) was calibrated to density (hydroxyapatite concentration) by calibration of a phantom consisting of 0.0, 99.6, 200.0, 401.0, and 800.3 mg HA/cc concentrations. A cylindrical ROI with the same diameter as the original defect (3.5 mm) and 1.5 mm long was centered in the defect. Tissue volume (TV) was the volume of the ROI. Bone volume (BV) was defined as the volume of mineralized tissue within the ROI. Bone volume fraction (BVF; BV/TV) and bone mineral density (BMD; mean density of only mineralized material within volume) were used to compare samples.
Statistical Analysis
Data are presented as mean ± standard deviation. Statistical analysis was performed using two-way ANOVA with Bonferonni correction for multiple comparisons or paired t tests when appropriate. All statistical analysis was performed in Prism 6 software (GraphPad); p values less than 0.05 were considered statistically significant.
RESULTS
Stiffness and Vulnerability to Gel Contraction is Controlled by Sodium Chloride
MSC-loaded gels prepared with 2.3% NaCl exhibited a significantly greater compressive modulus compared to those prepared with 1.2 or 3.9% NaCl (Fig. 1a) , following a similar trend to our previous data analyzing acellular gels. 13 No significant difference in compressive modulus was observed between 1.2 and 3.9% NaCl-containing fibrin gels. Changes in construct morphology were assessed by examining the area of cellular gels over time. After 5 days, all constructs had decreased in diameter, but gels formed with 1.2% NaCl revealed significantly more contraction compared to those formed with 2.3 and 3.9% NaCl. Contraction appeared to plateau in gels formed with 1.2% NaCl after 7 days in culture, while gels formed with 2.3 and 3.9% NaCl continued to contract until 14 days (Figs. 1b and 1c) . Interestingly, gels formed with 2.3% NaCl appeared to contract in a more linear, predictable manner over the 14-day examination period, while gels formed with 3.9% NaCl exhibited a lag time of 7 days before significant changes in gel volume were observed.
Response of Entrapped MSCs Within Fibrin Gels is Dependent upon NaCl Content
We quantified the proangiogenic potential of entrapped MSCs within fibrin gels by measuring the endogenous secretion of VEGF 165 , a potent angiogenic growth factor, in the conditioned media. We detected significantly more VEGF produced by MSCs entrapped in fibrin gels formed with 1.2% NaCl at all time points compared to cells entrapped within gels formed with 3.9% NaCl (Fig. 2a) . Since biophysical properties of fibrin gels (e.g., fiber diameter, pore size) are modified by NaCl content, VEGF could potentially be retained as a function of salt supplementation. We detected less than 10% of the total VEGF was retained in any formulation (data not shown) when measuring residual VEGF in fibrin gels after 7 days of culture. VEGF production increased over time with all fibrin gels, regardless of NaCl content, likely due to MSC proliferation (Fig. 3c) . We characterized the functional bioactivity of the secreted growth factors in conditioned media by observing its ability to stimulate proliferation and migration of ECFCs. ECFCs exhibited the greatest proliferation (Fig. 2b ) and migration response (Fig. 2c) when stimulated with conditioned medium from fibrin gels formed with 1.2% NaCl, corresponding to the greatest VEGF concentrations. ECFCs exhibited an intermediate response to 2.3% gels, and conditioned media from MSCs in 3.9% gels consistently yielded the weakest ECFC response.
We also measured the osteogenic response of entrapped MSCs to fibrin gels with increasing NaCl content in the absence of soluble osteogenic cues. We detected a direct correlation between ALP activity, an early marker of osteogenic differentiation within osteoblastic cells, and increasing NaCl concentration. After 7 days, MSCs entrapped in fibrin gels formed with 3.9% NaCl had significantly greater ALP activity compared to cells in gels formed with 1.2% NaCl (Fig. 3a) . MSCs suspended in gels formed with 1.2% NaCl, which also had the smallest compressive modulus and were most vulnerable to contraction by entrapped cells, had the lowest ALP activity. Regardless of NaCl content, ALP activity peaked in all gels at 7 days and then decreased, indicative of the cyclic nature of ALP in the osteogenic program. Cell-secreted FIGURE 2. Secretion of endogenous proangiogenic growth factors is inversely related to salt content. (a) VEGF concentration in conditioned media (n 5 3, *p < 0.05 vs. 2.3 and 3.9%, ***p < 0.001 vs. 2.3 and 3.9%) at designated time points in culture; (b) fold increase in proliferation normalized to EBM-2 using conditioned medium collected at 7 days (n 5 4, *p < 0.05 vs. 2.3 and 3.9%); and (c) fold increase in chemotaxis normalized to no gradient using conditioned medium collected at 7 days (n 5 4, **p < 0.01 vs. 2.3 and 3.9%). mineral, a late stage marker of differentiation and function, exhibited a similar trend to ALP activity. Specifically, fibrin gels formed with 2.3 and 3.9% NaCl contained more calcium than gels formed with 1.2% NaCl at both 7 and 14 days, with 3.9% NaCl-containing gels stimulating the highest calcium content (Fig. 3b) . We observed an inverse correlation between NaCl content and DNA values. Gels formed with higher NaCl concentrations yielded lower DNA concentrations after 7 days, and these differences were more pronounced after 14 days in culture (Fig. 3c) . Thus, fibrin gels formed with 2.3% NaCl were used for all subsequent in vivo studies in light of in vitro data balancing gel contraction, VEGF secretion, and osteogenic differentiation.
Analysis of In Vivo Neovascularization and Early Bone Formation
Immediately after surgery, we analyzed perfusion within the implant site noninvasively using LDPI to provide a reference for subsequent scans. At day 14, we detected significantly increased perfusion by LDPI in defects treated with MSC-containing fibrin gels compared to acellular, blank gels (Figs. 4a and 4b ). Perfusion was statistically similar at the other time points. Vessel density within the implant was quantified after 3 weeks by enumerating blood vessels in repair tissue from H&E-stained histological sections and confirmed by immunostaining for CD31 (Figs. 5a and 5b) , where erythrocytes are clearly visible in the lumens. Gels containing MSCs exhibited significantly greater vessel density than blank gels (Fig. 5c) . Furthermore, fibrin gels containing MSCs contained more collagen and were appreciably thicker (Figs. 6b and 6d ) than acellular blank gels (Figs. 6a and 6c) . Osteocalcin staining of the explants revealed greater osteoblastic activity in the MSC-containing gels after 3 weeks (Fig. 6f) compared to the blank gels (Fig. 6e) .
Analysis of Bone Formation In Vivo
Defects treated with MSC-containing fibrin gels exhibited significant increases in BVF over blank gels after 12 weeks (Figs. 7a and 7c) , following a similar trend observed for neovascularization. However, we did not detect statistical differences in BMD when comparing the treatment groups (Fig. 7b) .
DISCUSSION
Successful interventions in bone healing should ideally promote both vascularization to provide nutrients to neighboring cells and mineral deposition to restore strength and integrity to the defect site. MSCs are a promising source for cell therapies in bone repair due to their secretion of proangiogenic cues that recruit vessel-forming endothelial cells and their ability to differentiate into bone-forming osteoblasts. The regulation of the cellular machinery of MSCs through substrate-mediated signaling provides an opportunity to enhance their osteogenic capacity. 20, 38 However, the proangiogenic potential of MSCs decreases as MSCs exhibit a stronger osteoblastic phenotype, 24 thereby compromising the dual potential of MSCs in bone repair. In this study, our objective was to engineer a fibrin gel that could simultaneously support the proangiogenic and osteogenic potential of entrapped MSCs. Our data reveal that supplementation of the fibrin gel with NaCl modulates fibrin gel properties such that a greater balance between these two phenotypes can be achieved.
Fibrin is an attractive biomaterial for cell delivery, as it naturally occurs as a provisional matrix during tissue repair. 5, 27 Other biomacromolecules such as collagen exist in mature tissues and do not actively direct cells to secrete reparative growth factors and extracellular matrix components, 22 potentially limiting their efficacy as a cell delivery vehicle for tissue regeneration. The biophysical properties of fibrin gels can be tuned using a variety of techniques including altering protein concentrations, pH, calcium content, and overall ionic strength. 8 We have previously shown that changing the NaCl content in the pre-gel solution alters gel stiffness, pore size, fiber diameter, and permeability. 13 Using NaCl to alter the gel properties has two main advantages compared to the more commonly used strategy of increasing protein concentrations: (1) the slow gelation time avoids mechanical stress and osmotic shock on the entrapped cells; and (2) the stiffness may be controlled without drastically deviating from the physiologic concentrations of fibrin and thrombin, thereby enabling the potential for autologous use. 2 In this study, the stiffness of the fibrin gels composed of 20 mg/mL fibrinogen ranged from 10 to 20 kPa, adequate moduli for materials applied to nonweight bearing bone in the head and neck region. The increase in substrate stiffness compared to fibrin gels formed in water (5 kPa) is sufficient to drive osteogenesis. 13, 14 Gel stiffness impedes capillary formation within the gel and invasion of host endothelial cells, 34 a critical factor to consider since bone formation is intertwined with vascularization. Fibril density and matrix stiffness strongly influences the ability of endothelial cells to remodel their surroundings and correlates with the diameter and density of microvessels in vivo.
11 Thus, it is preferred to keep bulk gel stiffness low in order to enable the dually desired functions of MSCs in bone healing: stimulating neovascularization and differentiation toward the osteoblastic phenotype.
The results of this study confirm that modulation of fibrin gel biophysical properties, achieved through NaCl supplementation and in the absence of osteoinductive soluble cues, can instruct the proangiogenic and osteogenic potential of entrapped MSCs in vitro. As NaCl concentration increased, so did the early and late markers of osteogenesis. We also observed decreased cell proliferation and proangiogenic potential as NaCl concentration increased. These data are in agreement with our previous findings 24 and those of others 34 that MSCs of greater osteogenic commitment, achieved through soluble osteogenic supplements, exhibit reduced proangiogenic potential. Our observation of continued increased osteogenic differentiation with increasing salt content differs slightly from our previous study which revealed decreases in ALP activity at the highest NaCl concentrations, 13 perhaps due to the presence of osteogenic supplements in the culture medium, while MSCs in this study only received substrate-mediated cues. Others have observed enhanced osteogenic potential of MSCs in fibrin gels through increasing protein concentration, 10 applying tensile force, 43 and inclusion of osteoconductive materials.
14 However, these approaches do not strive to balance the osteogenic potential with the proangiogenic potential of the entrapped MSCs.
In addition to directing cell phenotype, we observed that gel contraction drastically increased as NaCl concentration decreased. These data are in agreement with our prior work, which found that the gels formed with the lower NaCl concentrations were most susceptible to cellular contractile forces due to a lower compressive modulus and a higher rate of cell proliferation. 13 The supplementation of fibrinogen with increasing NaCl content yields fibrin gels with distinct morphological characteristics despite similar initial moduli. These differences could contribute to the vulnerability of gel contraction by entrapped cells. We also reported that another cell type, dorsal root ganglion neurons, upregulated their expression of genes encoding for enzymes that could remodel fibrin gels. 37 Clinically, implants must exhibit minimal contraction in order to integrate with the surrounding tissue during bone healing, as bone ingrowth occurs primarily from the edges of the defect. If implants pull away from the defect margins, the native tissue repair response is impeded because there is insufficient extracellular matrix to provide a scaffolding for host cells to populate. In light of superior proangiogenic response, increased osteogenic potential, and reduced contraction with MSCs in 2.3% NaCl-containing gels, characterized in vitro when there are fewer variables contributing to cellular response, we selected the mid-range NaCl concentration to fabricate fibrin hydrogels as a platform for in vivo studies. We then sought to determine, for the first time, whether MSCs implanted in NaClsupplemented fibrin gels could stimulate bone repair in this harsh, nonhealing bone defect.
Radiotherapy is commonly used as primary treatment and as an adjuvant to the surgical excision of in the head and neck region. The resulting tissue microenvironment leads to fibrosis that makes secondary reconstruction of the surgical site difficult. Furthermore, the treatment of extensive osteoradionecrosis, as a side effect of radiotherapy, often requires the removal of large amounts of bone in a previously irradiated field. 25 While effective in eradicating the damaged cells, previous reports confirm that irradiated defects have severely compromised bone healing due to the impairment in number and activity of endothelial and other tissue-forming cells. 18, 26 Nussenbaum et al. reported that in animals receiving radiation 2 weeks prior to surgery, inlay calvarial bone graft failed to heal at the wound margins by 4 weeks after surgery. 41 With a clinical eye toward healing irradiated bone defects resulting from head and neck cancer, we selected an irradiated bilateral calvarial defect for our animal model. Our results demonstrate that NaClsupplemented fibrin gels are effective delivery vehicles for MSCs in vivo. Defects treated with MSC-loaded fibrin gels contained repair tissue that was substantially thicker and more robust, containing greater amounts of collagen, than the thin fibrous layers remaining in the defects treated with acellular blank gels. Compared to empty fibrin gels, we observed increased early perfusion for defects treated with MSC-loaded gels using noninvasive imaging, and these findings were supported by enumeration of blood vessels in histological samples of explanted tissues at 3 weeks. Additionally, others have observed that MSCs enhance perfusion, and that this is most likely a result of implanted MSCs secreting trophic factors to recruit surrounding endothelial cells. 23, 29 Although vessel perfusion measured via LDPI at 21 days was the same for both MSCloaded and blank fibrin gels, the vessel count as measured via histology at 21 days was significantly greater in MSC-loaded gels compared to the blank fibrin gels. This phenomenon has been observed when delivering recombinant human VEGF in vivo, where high doses of VEGF caused rapid initial vessel growth and perfusion, yet eventually resulted in dramatic regression of the neovascularization within 3 weeks, suggesting that the remaining vessels may not be functional at this time. 12 After 12 weeks, we observed increased bone formation in defects treated with MSC-containing gels; data that correlate with increases in vascular density at earlier time points and agree with earlier studies. 30, 36, 40 MSC-loaded gels resulted in a twofold increase in BVF compared to the blank fibrin gels. However, the BMD was not statistically different between the two groups, indicating that the quality of the deposited bone was the same for MSC-containing and blank fibrin gels. However, both groups exhibited a BMD of approximately 800 mg HA/cc, which is only 20% less than native cortical bone 48 and is similar to what others have observed with MSC treatment. 17 Together, this implies that while there was limited bone ingrowth, the bone that was deposited was of high quality. As radiation causes tissue regeneration to be severely stinted, later time points should be investigated in the future.
CONCLUSION
The results of this study confirm that NaCl can be used to tailor fibrin gels to support both the proangiogenic and osteogenic potential of MSCs in vitro.
Furthermore, these biomaterials are effective delivery vehicles for MSCs into orthotopic defects, providing a platform to deliver cells to the defect site, jumpstart healing by stimulating much-needed vascularization, and serving as a vehicle to instruct MSCs in situ. This approach is a promising technology to reduce or eliminate the need for costly and inefficient delivery of recombinant growth factors for angiogenesis.
